S. The influence of neuroactive steroid lipophilicity on GABA A receptor modulation: evidence for a low-affinity interaction. J Neurophysiol 102: 1254 -1264 , 2009 . First published June 24, 2009 doi:10.1152/jn.00346.2009. Anesthetic steroids with actions at ␥-aminobutyric acid type A receptors (GABA A Rs) may access transmembrane domain binding site(s) directly from the plasma cell membrane. Accordingly, the effective concentration in lipid phase and the ability of the steroid to meet pharmacophore requirements for activity will both contribute to observed steady-state potency. Furthermore, onset and offset of receptor effects may be rate limited by lipid partitioning. Here we show that several GABA-active steroids, including naturally occurring neurosteroids, of different lipophilicity differ in kinetics and potency at GABA A Rs. The hydrophobicity ranking predicted relative potency of GABA A R potentiation and predicted current offset kinetics. Kinetic offset differences among steroids were largely eliminated by ␥-cyclodextrin, a scavenger of unbound steroid, suggesting that affinity differences among the analogues are dwarfed by the contributions of nonspecific accumulation. A 7-nitrobenz-2-oxa-1,3-diazole (NBD)-tagged fluorescent analogue of the low-lipophilicity alphaxalone (C17-NBD-alphaxalone) exhibited faster nonspecific accumulation and departitioning than those of a fluorescent analogue of the high-lipophilicity (3␣,5␣)-3-hydroxypregnan-20-one (C17-NBD-3␣5␣A). These differences were paralleled by differences in potentiation of GABA A R function. The enantiomer of C17-NBD-3␣5␣A, which does not satisfy pharmacophore requirements for steroid potentiation, exhibited identical fluorescence kinetics and distribution to C17-NBD-3␣5␣A, but was inactive at GABA A Rs. Simple simulations supported our major findings, which suggest that neurosteroid binding affinity is low. Therefore both specific (e.g., fulfilling pharmacophore requirements) and nonspecific (e.g., lipid solubility) properties contribute to the potency and longevity of anesthetic steroid action.
I N T R O D U C T I O N
Neurosteroids are possible endogenous modulators of neuronal activity Belelli et al. 2006 ) and potential anesthetic, neuroprotective, and anxiolytic drugs (Gasior et al. 1999; Zorumski et al. 2000) . These actions probably derive from potent and efficacious enhancement of ␥-aminobutyric acid type A receptor (GABA A R)-mediated currents. Two naturally occurring neurosteroids, (3␣,5␣)-3-hydroxypregnan-20-one (3␣5␣P) and (3␣,5␣)-3,21-dihydroxypregnan-20-one (3␣5␣THDOC) both potentiate GABA-gated currents in the mid-nanomolar to micromolar concentration range. These two steroids have typically been used interchangeably to assay neurosteroid effects under the assumption that the steroids share essential properties such as potency and kinetics of action. A third widely used neurosteroid analogue, which enhances GABA A Rmediated current, is (3␣,5␣)-3-hydroxypregnane-11,20-dione (alphaxalone), the 11-keto derivative of 3␣5␣P. Alphaxalone is an active component of the intravenous anesthetic Althesin (Gasior et al. 1999) . The 11-keto derivative of 3␣5␣THDOC is (3␣,5␣)-3,21-dihydroxypregnane-11,20-dione (alphadolone). Alphadolone 21-acetate is used in 1:3 ratio with alphaxalone as a component of Althesin to improve solubility of alphaxalone, although alphadolone may have anesthetic properties by itself (Nadeson and Goodchild 2001) .
Recent electrophysiology, imaging, and molecular biological/structural evidence suggest that the steroid binding site on the GABA A R lies within the transmembrane domains of the receptor (Akk et al. 2005; Hosie et al. 2006 Hosie et al. , 2009 Li et al. 2007; Shu et al. 2004) . If so, then membrane concentrations of steroid, rather than aqueous concentrations, are most relevant for GABAR modulation. An important prediction of this hypothesis is that steroid analogues with weaker lipophilicity should show weaker potentiating ability than that of analogues with higher lipophilicity, assuming that any pharmacophore differences among the comparators are small relative to lipophilicity contributions. Given a relatively similar binding affinity, a higher potency would be predicted for more lipophilic steroids because for a given free aqueous concentration (the measured independent variable in potency estimates), a higher membrane concentration (the relevant "free" concentration experienced by the receptor) would be achieved than that for a less lipophilic compound. If this prediction holds, it would have important implications for future drug design. In addition if natural steroids have different lipophilicity and-by extension-potency, then this finding would have important implications for the physiological relevance of the steroids.
We examined the lipophilicity of the four neurosteroid analogues mentioned earlier. Importantly, two widely assumed critical features of the pharmacophore were held constant in these analogues: a 3␣-hydroxy substituent and a methylketone at carbon 17. Predicted log P values differed by nearly 2 log P units, offering an opportunity to test the above-cited predictions, under the initial assumption that binding affinity is similar among the analogues. The potency and functional longevity of the analogues varied with their lipophilicity and longevity was strongly reduced in the most lipophilic com-pounds when steroid removal was sped up, with brief application of ␥-cyclodextrin (␥CDX) to sequester steroids from the plasma membrane (Adam et al. 2002; de Boer et al. 2006; Shu et al. 2004 ). The similarity of behavior among the compounds in the presence of a steroid scavenger strongly suggests that physiological differences among the steroids arise most strongly from nonspecific accumulation of unbound steroid; affinity and pharmacophore differences contribute much less. Fluorescent analogues of 3␣5␣P (C17-7-nitrobenz-2-oxa-1,3-diazole [NBD]-3␣5␣A) and of alphaxalone (C17-NBD-alphaxalone) showed the expected differences in perimembrane and intracellular fluorescence accumulation as well as GABA A R potentiating actions. Because the replacement of the carbon 17 methylketone substituent results in a systematic nomenclature change from the pregnane steroid class to the androstane steroid class, we abbreviate the fluorescent 3␣5␣P analogue C17-NBD-3␣5␣A. In addition to lipophilicity contributions, other experiments support the importance of the pharmacophore. A fluorescent enantiomer of 3␣5␣P (ent-C17-NBD-3␣5␣A) was essentially inactive at GABA A Rs while exhibiting cellular fluorescence indistinguishable from that of the natural enantiomer. Simple simulations support the idea that for a transmembrane binding site, potency and kinetics will both be strongly influenced by nonspecific accumulation. Our results suggest that steroid binding affinity is low despite high potency. We discuss the relevance of our findings to neurosteroid signaling and to drug design.
M E T H O D S

Hippocampal cultures
Primary cultures were prepared from postnatal day 0 (P0) to P3 rat pups as previously described (Shu et al. 2004 ). Hippocampi were removed from isoflurane-anesthetized rats and were cut into 500-mthick slices. The hippocampal slices were digested with 1 mg/ml papain in oxygenated Leibovitz L-15 medium (Invitrogen, Gaithersburg, MD), followed by mechanical trituration in modified Eagle's medium (Invitrogen) containing 5% horse serum, 5% fetal calf serum, 17 mM D-glucose, 400 M glutamine, 50 U/ml penicillin, and 50 g/ml streptomycin. Cells were plated in modified Eagle's medium at a density of about 650 cells/mm 2 as mass cultures (onto 25-mm cover glasses for imaging experiments) or 100 cells/mm 2 on microdots of collagen as "microisland" cultures (onto 35-mm plastic culture dishes for electrophysiology experiments). Both cover glasses and plastic dishes were precoated with collagen microdroplets sprayed on a layer of 0.15% agarose. Cultures were maintained at 37°C in a humidified incubator with 5% CO 2 -95% air. The antimitotic cytosine arabinoside (6.7 M) was added 3-4 days after plating to stop glial proliferation. At 4 -5 days after plating, half the culture medium was replaced with Neurobasal medium (Invitrogen) plus B27 supplement (Invitrogen).
Culture electrophysiology
Whole cell recordings from hippocampal neuron cultures (microisland) were performed 7-12 days following plating using an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA). Cells were transferred from culture medium to an extracellular recording solution containing (in mM): 138 NaCl, 4 KCl, 2 CaCl 2 , 1 MgCl 2 , 10 glucose, 10 HEPES, 0.001 2,3-dihydroxy-6-nitro-7-sulfonyl-benzo[f]quinoxaline (NBQX), and 0.01 D-2-amino-5-phosphonovalerate (D-APV) at pH 7.25. Patch pipettes were filled with an internal solution containing (in mM): 130 cesium methanesulfonate, 4 NaCl, 5 EGTA, 0.5 CaCl 2 , and 10 HEPES at pH 7.25. When filled with this solution pipette tip resistance was 4 -6 M⍀. Cells were clamped at Ϫ20 mV. Access resistance (8 -20 M⍀) was not compensated. Drug applications were made with a multibarrel, gravity-driven local perfusion system. The estimated solution exchange times were 120 Ϯ 14 ms (10 -90% rise), measured by the change in junction currents at the tip of an open patch pipette. Experiments were performed at room temperature.
Oocyte expression studies
Stage V-VI oocytes were harvested from sexually mature female Xenopus laevis (Xenopus One, Northland, MI) under 0.1% 3-aminobenzoic acid ethyl ester anesthesia, according to protocols approved by the Washington University Animal Studies Committee. Oocytes were defolliculated by shaking for 20 min at 37°C in collagenase (2 mg/ml) dissolved in calcium-free solution containing (in mM): 96 NaCl, 2 KCl, 1 MgCl 2 , and 5 HEPES at pH 7.4. Capped mRNA, encoding rat GABA A R ␣1, ␤2, and ␥2L subunits was transcribed in vitro using the mMESSAGE mMACHINE Kit (Ambion, Austin, TX) from linearized pBluescript vectors containing receptor coding regions. Subunit transcripts were injected in equal parts (20 -40 ng total RNA) 8 -24 h following defolliculation. Oocytes were incubated Յ5 days at 18°C in ND96 medium containing (in mM): 96 NaCl, 1 KCl, 1 MgCl 2 , 2 CaCl 2 , and 10 HEPES at pH 7.4, supplemented with pyruvate (5 mM), penicillin (100 U/ml), streptomycin (100 g/ml), and gentamycin (50 g/ml).
Oocyte electrophysiology
Two-electrode voltage-clamp experiments were performed with a Warner OC725 amplifier (Warner Instruments, Hamden, CT) 2-5 days following RNA injection. The extracellular recording solution was ND96 medium with no supplements. Intracellular recording pipettes were filled with 3 M KCl and had open-tip resistances of 1 M⍀. Drugs were applied from a common tip via a gravity-driven multibarrel delivery system. Drugs were coapplied with no preapplication period. Cells were voltage-clamped at Ϫ70 mV for all experiments and the peak current was measured for quantification of current amplitudes.
Image acquisition and processing
Live cell imaging experiments of fluorescent steroids were performed with a C1 scanning confocal laser attached to an inverted TE2000 microscope (Nikon, Melville, NY) using a ϫ40 air objective (numerical aperture, 0.95). Cover glasses with high-density neuronal cultures (7-15 days after plating) were mounted in an open round bath chamber (Warner Instruments) and maintained in the external solution described for electrophysiology experiments. Cells were labeled with 5 g/ml CellMask Orange plasma membrane stain (Invitrogen) for 5 min at 37°C. Drugs were applied using a multibarrel, gravity-driven local perfusion system. Experiments were performed at room temperature. NBD-tagged steroids were imaged with an argon laser line for excitation at 488 nm with a 515/30-nm emission filter. Images of cells labeled with CellMask Orange were acquired using a Green HeNe laser line for excitation at 543 nm (590/50-nm emission filter). Gain settings, zoom, and field size parameters were kept constant for all live cell imaging experiments. Images were acquired with Z-C1 software (Nikon) and then processed with MetaMorph software (Molecular Devices, Downingtown, PA). For display, image brightness and contrast were altered equally for the entire series of images using MetaMorph to promote clarity of fluorescence visualization. Intrinsic pixel intensity values were not altered by these changes. ALOGPS: http://www.vcclab.org/lab/alogps/). In the case of one test steroid (androsterone) measured log P values are available. The measured log P value compared favorably with the average calculated log P value (3.69 measured vs. 3.61 Ϯ 0.1 average calculated). Data acquisition and analysis were performed with pCLAMP 9.0 software (Molecular Devices, Union City, CA). Data plotting and curve fitting were performed with Prism 5.01 software (GraphPad, San Diego, CA). Curve fitting was performed on potentiation values calculated as (M Ϫ G)/G, where M is the response in the presence of GABA ϩ modulator and G is the response to GABA alone. Empirical fits to concentration-response relationships were achieved using a leastsquares minimization to the Hill equation: Rise and decay times in electrophysiology experiments were measured using a 10 -90% time. For imaging experiments, the time to reach half the intensity value (for both onset and offset times) was calculated (t 1/2 ). The fluorescence in each compartment was normalized to the last point of steroid application (treated as 1), immediately before saline wash, to emphasize time course differences. Data are presented in the text and figures as mean Ϯ SE. Statistical differences were determined using Student's two-tailed t-test.
Simulations
Simulations were run with NEURON version 7.0 (http://www.neuron. yale.edu/). The kinetic scheme is given in Fig. 9A . Other simulation details are given in the Supplemental text and Supplemental Table S1. 1 Drugs, chemicals, and other materials 3␣5␣THDOC and alphadolone were from Steraloids (Newport, RI). 3␣5␣P, alphaxalone, and other drugs were from Sigma (St Louis, MO). Fluorescent steroids were synthesized using 7-nitrobenz-2-oxa-1,3-diazole (NBD) as fluorophore and replacing the methyl ketone at carbon 17 with the fluorescent group. Multistep synthetic procedures were used to prepare fluorescent steroids and their structures were confirmed by spectroscopic properties (infrared spectroscopy and both proton and carbon nuclear magnetic resonance spectroscopy). Thinlayer chromatography and elemental analysis were used to determine the purity of these compounds. Steroids were prepared as stock solutions in dimethylsulfoxide (DMSO). Final DMSO concentration was Ͻ0.3% and solutions were matched for DMSO concentration.
R E S U L T S
Behavior of commonly used steroids with differing log P values
If membrane partitioning is important for steroids to find their site on the GABA A R, steroid structural attributes that influence overall lipophilicity may affect steroid potency and time course of action, assuming that these differences are large relative to affinity differences. Because calculated log P values can vary quite widely with different algorithms, we used the average log P estimates from 11 different algorithms ( Fig. 1; see METHODS). Interestingly, the most commonly used neurosteroids/neurosteroid analogues varied over a range of nearly two units in average estimated log P (Fig. 1) . These included the naturally occurring neurosteroids 3␣5␣P and 3␣5␣THDOC and the synthetic analogues alphaxalone and alphadolone. Average calculated log P values were 3␣5␣P: 4.2 Ϯ 0.1; 3␣5␣THDOC: 3.5 Ϯ 0.1; alphaxalone: 3.1 Ϯ 0.1; alphadolone: 2.3 Ϯ 0.1. (Fig. 1G ). To help us explore accumulation of steroids in cellular compartments, we also prepared fluorescently tagged 1 The online version of this article contains supplemental data. A: 3␣5␣P; B: alphaxalone; C: 3␣5␣THDOC; D: alphadolone. 3␣5␣P and 3␣5␣THDOC are natural neurosteroids. Alphaxalone and alphadolone are synthetic analogues. E and F: synthetic neuroactive steroid analogues with a fluorescent substituent (NBD) at carbon 17, C17-NBD-3␣5␣A (E) and C17-NBD-alphaxalone (F). G: estimated partition coefficients (log P) for each steroid. Values were calculated using 11 different algorithms and are shown as means Ϯ SE, *P Ͻ 0.05, ***P Ͻ 0.0001 (paired t-test). Alphadolone, (3␣,5␣)-3,21-dihydroxypregnane-11,20-dione; alphaxalone, (3␣,5␣)-3-hydroxypregnane-11,20-dione; 3␣5␣P, (3␣,5␣)-3-hydroxypregnan-20-one; 3␣5␣THDOC, (3␣,5␣)-3,21-dihydroxypregnan-20-one; NBD, 7-nitrobenz-2-oxa-1,3-diazole.
analogues at carbon 17, allowing us to compare analogues with and without a ketone at C11. It is important to note that removal of the methyl ketone at carbon 17 and replacement with the NBD group significantly increased the estimated log P values over that of the parent compound, but a relative difference of approximately one log P unit, imparted by the ketone at carbon 11, was preserved (Fig. 1G) .
To test the possible physiological implications of the log P differences, we first examined the concentration-response characteristics of 3␣5␣P (0.1-10 M), 3␣5␣THDOC (0.3-30 M), alphaxalone (0.3-30 M), and alphadolone (3-300 M). We evaluated these characteristics in Xenopus laevis oocytes expressing an ␣1␤2␥2L subunit combination (Fig. 2) . We found that 3␣5␣P, the steroid with the highest calculated log P, exhibited the highest potency for GABA A R potentiation, and the rank order of potency over the four compounds correlated with log P estimates (Fig. 2F) . The estimate for 3␣5␣P potency (EC 50 ) was comparable to that of our previously published results .
Because it appeared that substitutions at carbon 11 are qualitatively well tolerated, we also examined an additional steroid with an 11␤-benzyloxy substituent (not commercially available) that extended our log P range further in the lipophilic direction. ZCM41 (Shu et al. 2004 ) has a calculated log P value of 5.4 as a result of a benzyloxy substitution at position 11 (Supplemental Fig. S1 ). We tested the EC 50 in oocytes and estimated an EC 50 of 0.1 M. When added to the plot of Fig.  2F , it extends the relationship between log P and EC 50 (Supplemental Fig. S1 ).
For further evaluation, we examined dissociated cultures of hippocampal neurons, so that solution exchange times could be controlled more rapidly and precisely. A similar rank order of steroid potency was observed in cultures as in oocytes among the widely available analogues (Fig. 3) . For concentrationresponse evaluation in neurons the range of neurosteroid concentration was modified (3␣5␣P, 0.03-3 M; 3␣5␣THDOC, 0.3-10 M; alphaxalone, 0.1-30 M; alphadolone, 1-100 M). It should be noted that although we used a long drug exposure time (20 s) to try to allow effects to achieve steady state, in some neurons it was apparent that at the lowest concentration of 3␣5␣P, a steady state had not been reached (Fig. 3A) . When we doubled the length of exposure to 30 nM 3␣5␣P, potentiation grew from 5.11 Ϯ 3.1 at 20 s to 7.31 Ϯ 3.3 at 40 s (n ϭ 3). Therefore it is possible that potency is slightly higher for 3␣5␣P than Fig. 3 suggests (Li et al. 2007 ).
In these protocols it was apparent that offset times of potentiated responses, on removal of steroid and return to a solution of GABA alone, were correlated with calculated compound lipophilicity (Fig. 3 , A-D, traces). With typical drug-receptor interactions, the current offset on aqueous drug removal inversely correlates with compound affinity for the receptor (Colquhoun et al. 1977; Lester and Jahr 1992 ; but see Jones et al. 1998) . Further, for typical ligand-receptor interactions, the current offset time should not depend on aqueous compound concentration, unlike the rise time of the potentiation effect. However, in the case of steroid interactions with GABA A Rs, we have previously suggested that nonspecific membrane/cellular departitioning affects the longevity of steroid actions (Akk et al. 2005; Shu et al. 2004) . Comparison of steroid traces with equimolar concentration (1 M) highlighted distinct decay kinetics for the three compounds (Fig. 4A) . Alphadolone was not included in this evaluation because the potentiation with 1 M was weak (Fig. 3D) . With equimolar concentrations of the three analogues, we found no significant difference in rise times among the compounds (Fig. 4A , middle). Offset time was significantly slowed with increasing lipophilicity of the analogues (Fig. 4A, right) .
Because the EC 50 value for 3␣5␣P was the lowest compared with other steroids, the slow offset in Fig. 4A might be caused by technical problems in washing away steroid concentrations in excess of the compound's EC 50 . To avoid this potential problem, we examined decay kinetics for the three steroid analogues at concentrations close to each compound's EC 20 for steady-state GABA A R potentiation (3␣5␣P, 0.05 M; 3␣5␣THDOC, 0.3 M; alphaxalone, 0.85 M). Exemplar traces from this comparison are shown in Fig. 4B . 3␣5␣P still clearly exhibited slower decay kinetics than that of the other neuroactive steroids.
The rise time of the most lipophilic steroid 3␣5␣P was also notably slower at the EC 20 concentrations (Fig. 4B) . For a simple model of ligand-receptor interaction, at very low agonist concentrations, the rate constant of approach to equilibrium will be dominated by the agonist dissociation rate (k obs ϭ FIG. 2. Evaluation of steroid potentiation on GABA A receptors (GABA A Rs) in Xenopus laevis oocytes. Increasing concentrations of 3␣5␣P (A, 0.1-10 M, n ϭ 7), 3␣5␣THDOC (B, 0.3-30 M, n ϭ 17), alphaxalone (C, 0.3-30 M, n ϭ 16), and alphadolone (D, 3-300 M, n ϭ 4) were applied to Xenopus laevis oocytes expressing rat ␣1␤2␥2L GABA A R subunits. The concentrationresponse curves were obtained in the presence of 2 M GABA and potentiated responses were expressed relative to the GABA response in the absence of steroid. For display purposes, the lines represent fits of the Hill equation to the averaged data points shown in the figure. Parameters from the summary fits for 3␣5␣P, 3␣5␣THDOC, alphaxalone, and alphadolone, respectively, were EC 50 (the concentration of steroid producing 50% of maximum potentiation): 0.6, 1.3, 4.6, and 45.9 M; Hill coefficient: 1.6, 1.8, 1.5, and 2.1. E: concentrationresponse curves of the steroids were normalized to the individual maximum potentiation to facilitate comparison of shapes and EC 50 values. F: summary EC 50 values from fits to the individual oocytes. The EC 50 values for each steroid are shown as a function of log P. Values are means Ϯ SE; *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.0001 (unpaired t-test).
where k obs is the observed rate constant of approach to equilibrium, k f is the forward rate constant of ligand-receptor complex formation, and k b is the backward rate constant) (Gutfreund 1995) . Therefore the slow rise of 3␣5␣P qualitatively supports the idea that 3␣5␣P has either a slow dissociation rate from the receptor or a slow dissociation rate from membrane, if indeed lipophilicity is important for steroid access to the receptor. The rate of rise of 3␣5␣P effect was clearly nonexponential (Figs. 3A and 4B), indicating that factors other than simple ligand-receptor binding participate in the approach toward steady-state potentiation.
Taken together, the results described thus far could suggest that steroid lipophilicity participates in potency and longevity of steroid actions at GABA A Rs. Alternatively, the correlation of lipophilicity with potency and longevity could be a coincidence and the analogues may simply differ in their intrinsic affinity for a binding site on the receptor (Colquhoun et al. 1977; Lester and Jahr 1992) . For instance, over a database of steroid structural analogues accumulated by our group, we found only a weak correlation between lipophilicity and activity of 0.1 M compound on GABARs in oocytes (Supplemental Fig. S2 ). This likely is because some of the structural FIG. 3. Evaluation of steroid potentiation on GABA A Rs in hippocampal neurons. Steroid potentiation traces (top panels) of increasing concentrations of 3␣5␣P (A, 0.03-3 M, n ϭ 11), 3␣5␣THDOC (B, 0.03-10 M, n ϭ 16), alphaxalone (C, 0.1-30 M, n ϭ 17), and alphadolone (D, 1-100 M, n ϭ 4), applied to neuronal cultures. The concentration-response curves (A-D, bottom panels) were obtained in the presence of 0.5 M GABA and potentiated responses were normalized to the first GABA application (see METHODS). For display purposes, the lines represent fits of the Hill equation to the averaged data points shown in the figure. Parameters from the summary fits for 3␣5␣P, 3␣5␣THDOC, alphaxalone, and alphadolone, respectively, were EC 50 : 0.3, 1.5, 2.2, and 13.4 M; Hill coefficient: 1.1, 1.3, 1.1, and 1.5. E: data for each steroid were normalized to the individual maximum potentiation to facilitate potency comparisons. F: the estimated EC 50 values for the steroids from fits to the individual cells are shown as a function of the corresponding log P. Values are means Ϯ SE; ***P Ͻ 0.0001 (unpaired t-test). The comparison of 3␣5␣THDOC vs. 3␣5␣P showed a significant difference only with a one-tailed t-test (P Ͻ 0.05). alterations affect the pharmacophore (in addition to lipophilicity), some affect lipophilicity with weak pharmacophore effects, and some may affect higher-order steroid behavior in membranes (Makriyannis et al. 2005) .
If the affinity explanation for kinetic differences among the analogues in Figs. 1-3 is true, then the differences in potentiation offset time (for instance in the protocol shown in Fig. 4B) should not be affected by removing free, membrane-partitioned steroid with cyclodextrin molecules (Akk et al. 2005; Shu et al. 2004) . We tested this prediction by including 500 M ␥CDX in the wash solution along with GABA, following steroid exposure (Fig. 4C) . We found that ␥CDX reduced offset times of the three steroids with the offset times of all three drugs now approaching the limit of aqueous solution exchange times (Fig.  4C ). Alphaxalone and 3␣5␣THDOC offset times were similar in the presence of ␥CDX, but 3␣5␣P was still slower compared with other steroids. Compared with 3␣5␣THDOC and alphaxalone, 3␣5␣P offset times were 6.67 Ϯ 1.3 and 7.9 Ϯ 1.2 s slower, respectively, in the absence of ␥CDX and only 0.28 Ϯ 0.1 and 0.32 Ϯ 0.1 s slower in the presence of ␥CDX. Although these residual differences in the presence of ␥CDX could result from differences in the affinity of the various ligands for the receptor (structural differences that affect the pharmacophore), the largely equalized kinetics in the presence of the scavenger suggests that pharmacophore/affinity differences are dwarfed by CDX-sensitive nonspecific accumulation. ␥CDX did not affect the amplitude of the GABA response (Fig.  4C) , consistent with our previous suggestions that this concentration of ␥CDX does not interfere directly with GABAR function (Akk et al. 2005; Shu et al. 2004 Shu et al. , 2007 ; but see Pytel et al. 2006) . In summary, this experiment supports the idea that variable lipophilicity explains much of the potency and kinetic differences among these steroid analogues.
Behavior of fluorescent analogues of alphaxalone and 3␣5␣P
As an additional empirical approach for testing whether nonspecific accumulation differs between steroid analogues with differing predicted membrane solubility, we examined NBD-tagged analogues of 3␣5␣P and of alphaxalone (see Fig.  1 ). For both compounds, biological activity (GABA A R potentiation) was retained despite removal of the methyl ketone and substitution of the NBD fluorophore at carbon 17. However, in oocyte screens we found that efficacy was reduced (Supplemental Fig. S3) , consistent with the idea that tagging disrupted the pharmacophore (the methyl ketone at C17). Further, for the most lipophilic analogue (C17-NBD-3␣5␣A), it was difficult to obtain steady-state values because of extremely slow equilibration (see following text). Equimolar concentrations (0.5 M) for both fluorescent compounds were used for most experiments. Consistent with the increase in lipophilicity expected as a result of tagging (Fig. 1) , both fluorescent compounds exhibited slower kinetics than that of their untagged counterparts (Fig. 5 vs. Fig. 4) . Potentiation by C17-NBD-3␣5␣A, the tagged analogue with higher predicted log P, rose and fell more slowly compared with C17-NBD-alphaxalone (Fig. 5A, gray trace, Fig. 5, B and C) . Note that in Fig. 5B the decay times assigned for C17-NBD-3␣5␣A were often artificially reduced to 30 s, the limit of wash time, in cases where steroid effects had not decayed by the end of the wash period (see Fig. 5 legend for description). As an alternative description of potentiation offset, residual potentiation was measured following the 30-s wash in GABA alone (Fig. 5C) . Again, this analysis showed that C17-NBD-3␣5␣A potentiation was clearly more resistant to wash than C17-NBD-alphaxalone.
These observations predict that nonspecific accumulation should be slower to rise and more resistant to wash for the 3␣5␣P-tagged analogue than for the alphaxalone analogue. To test these predictions, we imaged cells during steroid exposures similar to those used for electrophysiology. We imaged both perimembrane (colocalized with CellMask Orange plasma membrane stain) and intracellular fluorescence in single confocal planes from individual neurons (Fig. 6A) . We found that with a 40-s application, C17-NBD-alphaxalone seemed to approach a steady-state fluorescence, whereas C17-NBD-3␣5␣A fluorescence was clearly still on its ascendancy at the end of the 40-s exposure. Unexpectedly, perimembrane and especially intracellular fluorescence of C17-NBD-3␣5␣A often continued to increase beyond the initiation of wash, whereas C17-NBDalphaxalone fluorescence began declining immediately on wash initiation (Fig. 6, B and D) . This difference in behavior of the analogues was not the result of different effective concentrations. Raising the concentration of C17-NBD-alphaxalone 10-fold to 5 M to account for lipophilicity differences between the analogues did not qualitatively alter the behavior on washout (Supplemental Fig. S4 ). Deep intracellular fluorescence remained high for C17-NBD-3␣5␣A, even after initiation of ␥CDX wash (Fig. 6B, arrows) , although on ␥CDX wash, intracellular fluorescence began to decrease (Fig. 6B) .
The imaging results broadly support the predictions from electrophysiology and suggest that C17-NBD-3␣5␣A is slower to accumulate (Fig. 6E ) and more difficult to remove than C17-NBD-alphaxalone (Fig. 6, D and F) . However, several details are difficult to reconcile. Perimembrane fluorescence of C17-NBD-3␣5␣A stayed relatively level on wash initiation, whereas GABA current potentiation began an immediate decay (Fig. 6B vs. Fig. 5A ). Furthermore, intracellular fluorescence 
(paired t-test).
Analysis was performed as described in METHODS. Since many cells (12/13 cells) treated with C17-NBD-3␣5␣A failed to fall to 10% of the peak potentiation by the end of the 30-s wash, a conservative time equal to the total washing time (30 s) was assigned for purposes of averaging. In these same 13 cells, potentiation in 3/13 treated with C17-NBD-alphaxalone failed to fall to 10% and a 30-s fall time was similarly assigned. C: bar diagrams indicate remaining potentiation of fluorescent steroids after 30-s wash with 0.5 M GABA. Values are means Ϯ SE (n ϭ 13); ***P Ͻ 0.0001 (paired t-test).
continued to rise on wash (Fig. 6B, right) . We suggest explanations for these discrepancies in the DISCUSSION. Imaging experiments confirmed that higher lipophilicity influences the intracellular accumulation and elimination of different steroids. To test whether residual intracellular steroids might have an effect on GABAR function, we measured persisting potentiation after a 20-s saline wash. After application of C17-NBD-alphaxalone, using the same protocol shown in Fig. 5 , neurons were reexposed to GABA alone following 20-s wash. We found no change compared with the original GABA response, either following 0.5 M or 1 M C17-NBDalphaxalone exposures (Fig. 7, A, right and C) . By contrast, after C17-NBD-3␣5␣A application (0.5 M), the second exposure to GABA exhibited a residual potentiation (Ͼthreefold) over the original GABA response (Fig. 7, B and C) .
We reasoned that if residual intracellular steroid is responsible for the prolonged C17-NBD-3␣5␣A effects, removal of superficial steroid with a brief ␥CDX wash should reveal a "rebound" potentiation as intracellular steroid reequilibrates with plasma membrane GABARs. Following potentiation of GABA currents, cells were washed with ␥CDX for 15 s to bring the response back to the original GABA-current level (Fig. 7, D and E) . This indicated elimination of plasma membrane steroid. Removal of ␥CDX to a solution of GABA alone exhibited the predicted rebound potentiation for C17-NBD-3␣5␣A (Fig. 7E ), but very little rebound for C17-NBD-alphaxalone (Fig. 7D) under the same conditions. The rebound for C17-NBD-3␣5␣A was 1.5-fold larger than that of C17-NBD-alphaxalone. Even in experiments using double the C17-NBD-alphaxalone concentration (1 M), there was no further rebound on ␥CDX removal (Fig. 7, D and F) . Testing parent compounds in a similar protocol, a rebound potentiation following brief ␥CDX wash was detected after exposure of neurons to 1 M 3␣5␣P and not to 10 M alphaxalone (1.8-fold larger) (Fig. 7F) . These experiments suggested that trapped intracellular C17-NBD-3␣5␣A and 3␣5␣P, not immediately accessible to ␥CDX, can slowly reequilibrate with the plasma membrane and affect GABAR function. This offers a likely explanation for the wash-resistant component of C17-NBD-3␣5␣A potentiation.
Fluorescent enantiomers distinguish nonspecific from specific contributions
Intracellular accumulation of steroids shown by imaging experiments could represent active transport of steroid or could represent passive diffusion through the plasma membrane. If the first process is involved, we would expect that compound movement into the cell should exhibit enantioselectivity. This is because ligand interaction with proteins involves a "handedness" preference, given that proteins are made entirely of L-amino acids (Westover and Covey 2004) . On the other hand, if steroid movement is entirely mediated by lipophilicity, we would expect no enantioselectivity (Alakoskela et al. 2007 ). To FIG. 6. Imaging and analysis of C17-NBD fluorescent steroid analogues. A: hippocampal neurons were stained with a plasma membrane (PM) marker (CellMask Orange) and NBDtagged steroids (0.5 M) were applied for 40 s. Washes with saline and then with 500 M ␥-cyclodextrin (␥CDX) lasted for 40 s (each wash). Images were acquired with 4-s interval. NBD fluorescence was always higher for C17-NBD-alphaxalone (A, 56Љ) and wash with saline was sufficient to remove fluorescence (A, 96Љ). By contrast, C17-NBD-3␣5␣A was difficult to remove even after 40-s wash with 500 M ␥CDX (A, 136Љ). Merged images use the NBD-steroid images from 56Љ. B: fluorescence intensities of selected regions were plotted over time. Intensity values are means Ϯ SE (n ϭ 6). The fluorescence in each compartment was normalized to the last point of steroid application, immediately before saline wash, to emphasize time course differences. Start points of steroid applications and washes are indicated. C17-NBD-3␣5␣A was not removed by saline and surprisingly exhibited a fluorescence increase in the intracellular compartment during wash with saline. The increase was not as evident in perimembrane regions associated with the plasma membrane marker. C-F: quantitative comparisons of C17-NBD analogues in both intracellular compartments and perimembrane regions. Values are means Ϯ SE (n ϭ 6). C: bar diagrams of normalized fluorescence intensities at the end of steroid application. *P Ͻ 0.05 (paired t-test). D: bar diagrams of normalized remaining fluorescence intensities after saline wash (before ␥CDX application). **P Ͻ 0.01 (paired t-test). E: bar diagrams of onset times using the time to reach half the intensity value measured at the end of steroid application (t 1/2 ). *P Ͻ 0.05 (paired t-test). F: bar diagrams of offset times during wash with 500 M ␥CDX using the time to reach half the intensity value measured at the end of ␥CDX application (t 1/2 ). Note that the t 1/2 for intracellular fluorescence elimination is artificially truncated at the limit of the 40-s wash time. ***P Ͻ
(paired t-test).
test whether diffusion or active transport is responsible for intracellular accumulation we synthesized and imaged the enantiomer of C17-NBD-3␣5␣A: ent-C17-NBD-3␣5␣A. We compared the enantiomers (0.5 M) on the same cells using the same protocol for drug application and wash shown in Fig.  6 . In all cells imaged, ent-C17-NBD-3␣5␣A showed the same fluorescence profile as C17-NBD-3␣5␣A, including the unexpected rise in intracellular fluorescence on saline wash (Fig. 8,  A and B) . These results suggest that nonspecific diffusion is involved in steroid intracellular accumulation and that selective transport mechanisms are not importantly involved.
In contrast to the cellular accumulation results-but as expected from previous studies of 3␣5␣P enantioselectivity at GABARs Wittmer et al. 1996; Zorumski et al. 1998 )-we found in electrophysiology experiments that GABA potentiation by fluorescent enantiomers was highly enantioselective. Ent-C17-NBD-3␣5␣A (0.5 M) coapplied with GABA exhibited no potentiation (Fig. 8C, black trace) , FIG. 7. Effects of intracellular accumulation of C17-NBD steroid analogues on GABA response potentiation in neurons. A and B: representative traces of GABA potentiation determined for 0.5 M C17-NBD-alphaxalone (A, left) and 0.5 M C17-NBD-3␣5␣A (B, left), followed by a 30-s wash in GABA alone, a 20-s wash in saline, and a reapplication of GABA alone (A and B, right) The GABA reapplication showed a larger residual current following C17-NBD-3␣5␣A potentiation. C: summary of effects over multiple cells treated as in A and B. Doubling the concentration of C17-NBD-alphaxalone (1 M; middle bar) did not increase the response to a test GABA application. GABA responses to the second application are normalized to the first (original) GABA application (dotted horizontal line). Values are means Ϯ SE (n ϭ 10 for 0.5 M C17-NBD-alphaxalone; n ϭ 5 for 1 M C17-NBD-alphaxalone; n ϭ 11 for 0.5 M C17-NBD-3␣5␣A); **P Ͻ 0.01 (unpaired t-test). D and E: representative traces of GABA potentiation by C17-NBD-alphaxalone (D) and C17-NBD-3␣5␣A (E) (0.5 M), applied with GABA (0.5 M). To speed offset of potentiation, ␥CDX (500 M) was added in the GABA solution and applied for 15 s following potentiation. GABA alone was then immediately reapplied for 15 s. In cells previously exposed to C17-NBD-3␣5␣A, a rebound potentiation reemerged. F: summary of multiple cells treated as in D and E. Increasing C17-NBD-alphaxalone concentration to 1 M did not increase rebound potentiation following GABA reapplication. Nonfluorescent compounds (10 M alphaxalone and 1 M 3␣5␣P) were tested with a similar protocol using a 10-to 15-s ␥CDX wash; a summary for rebound potentiation is shown. Rebound potentiation was normalized to the first (original) GABA application (dotted horizontal line). Values are means Ϯ SE (n ϭ 7 for 0.5 M C17-NBD-alphaxalone; n ϭ 6 for 1 M C17-NBD-alphaxalone; n ϭ 6 for 0.5 M C17-NBD-3␣5␣A, n ϭ 9 for 10 M alphaxalone, n ϭ 9 for 1 M 3␣5␣P); *P Ͻ 0.05 (unpaired t-test for fluorescent compounds, paired t-test for parent steroids). FIG. 8. Comparison of C17-NBD-3␣5␣A and its enantiomer with respect to cellular accumulation and to GABA response potentiation. A: hippocampal neurons were stained with PM marker, and NBD-tagged steroids (0.5 M) were applied for 40 s. Washes with saline and then with 500 M ␥CDX lasted for 40 s (each wash). Images were acquired at 4-s intervals. Similar intracellular accumulation and elimination were observed. Although in this example, ent-C17-NBD-3␣5␣A exhibited somewhat weaker fluorescence than that of its natural counterpart, this was not consistent among all cells; there was no statistical difference in mean fluorescence intensities. Merged images used the NBDsteroid images from the 56Љ time point. B: fluorescence intensities, normalized to the last point of steroid application, were plotted over time. Traces representative of 6 cells are shown. Start points of drugs application and washes are indicated by arrows. C: representative traces (n ϭ 4) showing effects of C17-NBD-3␣5␣A and its enantiomer (0.5 M) on GABA (0.5 M) responses. The enantiomer pair exhibits a strong difference in GABA potentiation.
compared with an equimolar concentration of the natural enantiomer, which robustly potentiated GABA responses (Fig.  8C, gray trace) . The traces in Fig. 8C are representative of four cells challenged with both C17-NBD-3␣5␣A and ent-C17-NBD-3␣5␣A. Together these experiments showed that even if the drug can easily cross the plasma membrane and accumulate indistinguishably from a neuroactive steroid analogue, additional structural features (likely those features involved in binding to a proteinaceous receptor site) are important determinants of GABAR activity.
D I S C U S S I O N
Steroid potency versus affinity
Neurosteroids are of interest partly because of their high potency and strong efficacy in modulating GABA A R function. However, potency is an empirical concept and may or may not be closely related to site affinity. Our studies show that although potency is high from the perspective of aqueous concentration of steroid analogues, a consequence of a transmembrane domain binding site (Hosie et al. 2006 ) is that steroid affinity for the GABAR is quite low. If log P of 4 for 3␣5␣P is taken literally, an aqueous EC 50 concentration of 100 nM (e.g., as is typical for 3␣5␣P) corresponds to a membrane concentration potentially as high as 1 mM, likely a closer reflection of the steady-state affinity of the steroid site than potency (aqueous EC 50 ) estimates. If the GABA A transmembrane domain steroid site had an affinity comparable to that of soluble nuclear steroid receptors (high picomolar to nanomolar k d ), aqueous EC 50 would be in the femtomolar range. Steroid analogues with otherwise similar binding properties possess different potency and onset/offset kinetics because of differing lipophilicity. This conclusion extends to the two naturally occurring neurosteroids 3␣5␣P (allopregnanolone) and 3␣5␣THDOC.
The major conclusion of the present work outlined here may not be intuitively obvious, but it has profound implications for how a ligand acts at its receptor and how we think about issues of potency and affinity for highly lipophilic agents. Is the fraction of bound receptors at a given aqueous concentration really expected to be different depending on whether the path of steroid is aqueous or membrane delimited and depending on the lipophilicity of ligand? To help conceptualize the issue, we created a simple model of steroid actions. The methods and parameters for the model are given in the Supplemental text and Supplemental Table S1. Figure 9 , A and B shows the response of a receptor to aqueous ligand. The on and off rates of the receptor are set to yield a low-affinity (and low-potency) compound (Fig. 9B) . Figure 9 , C and D shows the response of the same receptor when embedded in a compartment (representing the lipid bilayer) into which ligand accumulates over time before binding receptor. The rates of accumulation and departure from the compartment were constrained to yield similar kinetics to those observed for fluorescent steroids. The ratio of the rates was also set to give a departure rate four orders of magnitude slower than the entry rate, yielding a log P value of 4.0, similar to that of 3␣5␣P. The potency, plotted as a function of aqueous concentration, increased significantly for the membrane-embedded receptor (note the difference scales on the x-axis of Fig.  9, B and D) , even though the microscopic affinity rate constants of the receptor remained the same between the simulation runs. Other features, notably strong dependence of onset and offset times on agonist concentration (cf. Fig. 3A) , were also quite similar to features of steroid-potentiated responses. To simulate a ligand with lower lipophilicity (e.g., alphadolone), we increased the departure rate constant from the membrane compartment by two orders of magnitude. Rerunning the simulation produced the expected change in potency and offset kinetics (Fig. 9, E and F) . These simulations make it clear that both kinetic and steady-state potency measures are expected to be affected by lipophilicity for a transmembrane receptor. We cannot completely exclude the possibility that the different structures of the steroids explored also altered the pharmacophore and binding. Indeed, a hydrophobic transmembrane binding site has been proposed to mediate neurosteroid actions (Hosie et al. 2006) . However, our analysis of offset kinetics is important to the argument for strong nonspecific lipophilic contributions to steroid potency. Similar to predictions from the simulation (Fig. 9) , steroid analogues exhibited graded offset kinetics that varied with lipophilicity. Because offset time of analogue action will also influence the steadystate EC 50 , analogues with the slowest offset will also yield the lowest EC 50 values (highest potency). Although slow current offset is typically associated with high receptor affinity (e.g., Lester and Jahr 1992) , true affinity differences should not be sensitive to a scavenger of unbound steroid, ␥CDX. ␥CDX-dependent speeding of steroid offset kinetics (Fig. 4, B and C) demonstrates that steroid differences are most strongly governed by nonspecific accumulation differences rather than by affinity differences. Affinity for all the steroid ligands is actually quite weak.
It is also possible that considerations beyond simple log P considerations will affect the nonspecific component of steroid potency. For instance, steroid orientation in the membrane (Makriyannis et al. 2005) , membrane lipid composition, intracellular accumulation, and accumulation in surrounding cells including astrocytes may all participate in the nonspecific component, especially in intact brain tissue. From this perspective, it may be surprising that simple log P estimates hold any predictive power.
Observations from fluorescent analogues
Surprisingly, with relatively brief applications (40 s) C17-NBD-3␣5␣A intracellular fluorescence continued to increase during washout of aqueous analogue. Because the NBD fluorophore is known to be sensitive to the local environment (Kenner and Aboderin 1971; Schneider et al. 1991) , we think the most likely explanation for this phenomenon is that during the wash period, C17-NBD-3␣5␣A slowly redistributes into new intracellular compartments where fluorescence increases. In fact we found that with 2-min (rather than the typical 40-s) application of C17-NBD-3␣5␣A, fluorescence did not continue to increase (data not shown), suggesting that redistribution equilibrated within this longer exposure time. This redistribution may contribute to the extreme difficulty in washing out the fluorescence and the functional effects of C17-NBD-3␣5␣A, even with ␥CDX. Interestingly, the phenomenon appears unique to C17-NBD-3␣5␣A and its enantiomer. The reason for this peculiar aspect is unclear, but it appears that the 11-ketone group in C17-NBD-alphaxalone allows this steroid to enter into the plasma membrane and transfer to other membrane compartments more rapidly than C17-NBD-3␣5␣A. In support of this speculation, we observed that cells incubated for 90 min in C17-NBD-3␣5␣A eventually reached a fluorescence equivalent to that of C17-NBD-alphaxalone (data not shown). The observed fluorescence difference at early time points may suggest that C17-NBD-alphaxalone equilibrates with the same intracellular compartments (resulting in increased fluorescence during steroid application) much faster than C17-NBD-3␣5␣A. Alternatively, because we have not been able to localize steroids to particular intracellular compartments, the two analogues may distribute to different intracellular compartments.
C17-NBD-3␣5␣A failed to show an immediate decrease in fluorescence in perimembrane regions of the cell with wash, despite the fact that GABA potentiation showed an immediate decrease on wash. This suggests that imaging failed to resolve fluorescence in the plasma membrane compartment most directly associated with GABAR modulation. This could be partly because intracellular C17-NBD-3␣5␣A fluorescence, which continued to increase on wash, was sufficiently bright and resistant to wash that it contaminated our perimembrane measurements, despite our use of confocal planes. This explanation seems likely because C17-NBD-alphaxalone, which did not exhibit the anomalous increase in intracellular fluorescence on wash, exhibited an immediate wash-induced decrease in perimembrane fluorescence that better matched the electrophysiology results.
The similarity in fluorescence behavior of the enantiomer of C17-NBD-3␣5␣A and its natural counterpart suggests two important conclusions. First, the rapid intracellular accumulation of steroid analogues does not appear to depend on enantiospecific interaction of the steroids with plasma membrane transporters, enzymes, or other proteins. Enantioselectivity is predicted in the case of a proteinaceous binding site because proteins are composed entirely of amino acids in the L-configuration. Instead, the rapid accumulation appears to depend simply on physicochemical properties, which are identical between enantiomer pairs. The rapid accumulation presumably depends on contiguous lipophilic passages between the plasma membrane and intracellular compartments (Voeltz et al. 2002) , since we would not expect the steroid to "prefer" to traverse the aqueous cytoplasm to access the cell interior. Second, the identical behavior of the enantiomer with regard to cellular accumulation contrasts markedly with the lack of functional effects on the GABAR. This result demonstrates that in addition to nonspecific membrane interaction, an enantioselective binding site is also involved. Therefore we are not arguing for the old idea that anesthetic action is dictated by membrane fluidity or other affected membrane properties. Our argument is more nuanced. Certainly lipophilicity does not completely explain neurosteroid potency and enantioselective proteinligand interactions, albeit of low affinity, are also essential. It was also recently shown that 5␣-reduced steroids behave differently in membranes than 5␤-reduced steroids (Alakoskela et al. 2007) , despite identical predicted log P values (and similar reported potencies). Therefore it is also possible that interactions between steroids and the plasma membrane beyond those predicted by simple lipophilicity could be important in the access of steroids to their site(s).
Our results suggest that intracellular steroid pools can affect the longevity of GABA response potentiation. After rapid removal of perireceptor steroid, highly lipophilic steroids such as C17-NBD-3␣5␣A and 3␣5␣P slowly redistribute from intracellular compartments to generate a rebound potentiation. Therefore the prolonged offset kinetics of lipophilic steroids likely arises partly from steroid redistribution.
Our experiments (Figs. 2 and 3 ) also reveal a difference in steroid potency between oocytes and hippocampal neurons. Although several factors might contribute to this difference (different subunit combinations, modulating proteins, secondmessenger effects, membrane composition, or intracellular accumulation), we have previously found that potency of 3␣5␣P at the ␣1␤2␥2L subunit combination in HEK cells (Li et al. 2007 ) is more similar to that in neurons than to ␣1␤2␥2L receptors in oocytes. This makes it unlikely that subunit combination explains the difference in potency. It is tempting to speculate that membrane composition differences and resulting differences in steroid solubility could participate.
One important implication of our results is that two natural steroids 3␣5␣P and 3␣5␣THDOC differ in kinetics and these effects correlated with significantly different log P values. Neurosteroids are thought to be synthesized by principal cells of the nervous system (Agis- Balboa et al. 2006 ) and studies examining steroid localization with an antibody against 5␣-reduced steroids suggest strong intracellular and cytoplasmic accumulation in these cells akin to the distribution of the tagged steroids observed here (Saalmann et al. 2007 ). Thus neurosteroids are well positioned to modulate local activity of principal neurons and factors that regulate intracellular and membrane accumulation may be critical for understanding these actions. Our results predict that 3␣5␣P might likely serve a predominantly autocrine function, by virtue of being "trapped" in membrane compartments of the cell in which it is synthesized. 3␣5␣THDOC may be more likely to traverse aqueous media to have paracrine effects on surrounding cells. Furthermore, we would expect the effects of 3␣5␣P to have a longer half-life of action because of its stronger lipophilicity.
Neurosteroids regulate the actions of the most widespread inhibitory neurotransmitter in the nervous system-GABA. Our work highlights that nonspecific features of steroid structure such as lipophilicity and intracellular accumulation/distribution help dictate the degree of positive modulation observed, the lifetime of action, and possibly the spatial extent of steroid action at GABARs. Considering these nonspecific characteristics of modulator action will improve drug design, pharmaceutical formulation, and dosage considerations in both research and therapy contexts. 
